In conventional cancer therapy or fundamental radiobiology research, the accumulated knowledge on the complex responses of healthy or diseased cells to ionizing radiation is generally obtained with low-dose rates. Under these radiation conditions, the time spent for energy deposition is very long compared with the dynamics of early molecular and cellular responses. The energy depositions occur concomitantly with primary radio-chemical events (radical reactions), multiple biomolecular damage (membrane and DNA lesions), and repair.
In conventional cancer therapy or fundamental radiobiology research, the accumulated knowledge on the complex responses of healthy or diseased cells to ionizing radiation is generally obtained with low-dose rates. Under these radiation conditions, the time spent for energy deposition is very long compared with the dynamics of early molecular and cellular responses. The energy depositions occur concomitantly with primary radio-chemical events (radical reactions), multiple biomolecular damage (membrane and DNA lesions), and repair. 1 Such interferences may significantly influence the efficiency of signalling channels and repair processes or the recruitment of transducer proteins for programmed cell death or senescence. They render more complex or uncertain (i) a precise understanding of time-dependent relationships between the initial ionization density profile and the integrated complex response of normal or malignant tumour cells, and (ii) a complete description of biomolecule modifications and genome alterations resulting from energy deposition.
The use of ultrashort pulsed radiation would offer new perspectives for exploring the 'black box' aspects of long irradiation profiles and favouring the selective control of early damage in living targets. Several attempts were previously performed using nanosecond or picosecond pulsed irradiations on various mammalian cells and radiosensitive mutants at high dose rate. [2] [3] [4] [5] The effects of single or multi-pulsed radiations on cell populations were generally analyzed in the framework of dose survival curves or characterized by 2D imaging of g-H2AX foci and no increase in cytotoxicity was shown compared with a delivery at a conventional dose rate. Moreover, when multi-shot irradiations were performed, the overall time needed to obtain an integrated dose of several Grays again overlapped with the multi-scale dynamics of biomolecular damage-repair sequences and cell signalling steps.
Ideally, a single-shot irradiation delivering a well-defined energy profile, via a very short temporal window, would permit the approach of a real-time investigation of early radiationinduced molecular damage within the confined spaces of cell compartments. Owing to the potential applications of intense ultrashort laser for radiation therapy, 6 the model of the A431 carcinoma cell line was chosen. An ultrafast single-shot irradiation strategy was carried out with these radio-resistant human skin carcinoma cells, 7 using the capacity of an innovating laser-plasma accelerator to generate quasi mono-energetic femtosecond electron bunches in the MeV domain and to deliver a very high dose rate of 10 13 Gy s À1 per pulse. 8, 9 The alkaline comet assay, 10, 11 which is commonly used to quantify global DNA damage in individual cells (single-, double-strand breaks, and alkali-labile sites), was applied to detect the impact of the 100 fs single-shot 1 Gy exposure with electrons of mean energy 95 MeV (Figure 1 ). The initial distribution of irradiated cells as a function of the comet tail moment, which reflects the level of DNA damage, shows a shift towards a population of more damaged cells, as compared with the sham-irradiated cells. The fraction of cells with damage above a control tail moment value of 4 exhibited an eightfold increase over that of the control cells. When carcinoma cells were maintained for 60 min at 371C before the comet assay to allow DNA repair, the distributions of irradiated and non-irradiated cells became similar, indicating repair of the DNA lesions. The recovery of a near homogeneous distribution of low comet tail moments argues for the reparability of the global DNA lesions triggered by a single femtosecond irradiation shot at 1 Gy. To assess the consequences of ultrafast electron-induced damage, the cytotoxicity was characterized in the same experiment, using a novel survival assay at a single-cell level. 12 Two weeks after the femtosecond 1 Gy irradiation, a 95% survival was observed from a panel of 300 cells seeded in clonal microcultures.
This first investigation of a single-shot 1 Gy irradiation performed at high energy level and very high dose rate demonstrates that a measurable assessment of immediate and reversible DNA damage in carcinoma cells can be explored at the single-cell level. This breakthrough opens the possibility of a complete characterization of induced damage and repair, and notably of DNA double-strand breaks. In the framework of advanced spatio-temporal radiation biology concepts, 13 one challenge of such a non-conventional irradiation concerns the complete understanding of the multi-scale events triggered by the initial energy deposition, starting from the production and amplification of the localized radical processes and the induction of the primary lesions. A second challenge is deciphering the integrated cell response to these primary events, including cell signalling, damage sensing and DNA repair, and characterizing their late effects in cells, such as cell death, gene mutation and genomic instability. The emergence of ultrafast high-energy radiation biology could foreshadow the time-dependent and nanometric spatially defined effects in biomolecular architectures, such as aqueous groove of DNA, nucleosomes, protein pockets and sub-cellular compartments. Establishing an innovating approach of real-time nanodosimetry represents a prerequisite for the control of irradiations of living cells at very high dose rates. Moreover, the influence of the quality of shortpulsed particle beams (electrons and protons) on the relative biological efficiency (RBE) needs to be carefully evaluated, in synergy with ultrafast dose-fractionating protocols. Such knowledge is a necessary step before medical applications of ultrashort laser-accelerated particle beams. Currently, X-rays in the few MeV energy range represent the majority of ionizing radiations used for cancer therapy. The dose deposited by very high-energy electron beams in the tissue depth is higher and could be beneficial to target deep ) is determined from Monte Carlo calculations. The exact number of electrons is deduced from scintillator measurements, which have been absolutely calibrated. 9 (b, c) Time-dependent evaluation of DNA damage using the alkaline comet assay for sham-irradiated (0 Gy) and irradiated carcinoma cells (1 Gy) immediately after the femtosecond irradiation (b) and after 1 h of repair time at 371C (c). The frequencies of cells as a function of their damage level expressed by the comet tail moments are shown (300 comets analyzed per sample using Komet 6 software, Kinetic Imaging Ltd., Bromborough, UK). Gray bars represent the % of cells above a tail moment of 4 (arbitrary unit). A significant difference between the distributions of 0 and 1 Gy samples was found for initial damage (w 2 test, Po0.002)
tumors. 14 Specific conditions afforded by very high dose rates and ultrashort dose fractionations would permit the real-time control of amplified radio-sensitivity during selective targeting protocols, in combination with the modern prodrug strategies developed in chemotherapy. 15 Ultrafast radiation biology thus represents a newly emerging interdisciplinary field, in strong synergy with the most recent progresses of ultrashort radiation sources, high-energy bioradical femtochemistry, molecular biology and anti-cancer therapy.
